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Edge states emerge in diverse areas of science, offering new opportunities for the develop-
ment of novel electronic or optoelectronic devices, sound and light propagation controls in 
acoustics and photonics [1,2]. Previous experiments on edge states and exploration of topo-
logical phases in photonics were carried out mostly in linear regimes, but the current belief 
is that nonlinearity introduces new striking features into physics of edge states, leading to 
the formation of edge solitons [3,4], optical isolation [5], and topological lasing [6-9], to name 
a few. Here we experimentally demonstrate edge solitons at the zigzag edge of a reconfigu-
rable “photonic graphene” lattice [10-13] created via the effect of electromagnetically induced 
transparency [14] in an atomic vapor cell with controllable nonlinearity [15]. To obtain edge 
solitons, Raman gain [16] was introduced to compensate strong absorption experienced by 
the edge state during propagation. Our observations pave the way to experimental explora-
tion of topological photonics on nonlinear, reconfigurable platform. 
Edge states offer an efficient avenue for manipulation of the behavior of classical waves in 
engineered materials and play the important role in the design of new generation of optoe-
lectronic devices [1-5] that demands dynamic tunability [17]. One feasible way to achieve 
tunable devices is adopting nonlinearity that can be easily introduced into photonic systems 
[18], in contrast to electronic ones. This advantage has stimulated investigations on nonlinear 
edge states, both topological and nontopological ones, in various structures, including pho-
tonic graphene [19,20], where such effects as modulational instability [3,21], solitons 
[3,4,22,23], and bistability [24] were predicted that do not occur in pure electronic systems. 
Despite common expectations that nonlinear effects open new prospects for control and ma-
nipulation of the edge states, the experimental demonstration of nonlinear edge states and 
edge solitons was not accomplished until now on photonic platforms. 
On the other hand, recently introduced electromagnetically induced photonic lat-
tices based on electromagnetically induced transparency (EIT) [14] in multilevel atomic 
systems can mold the flow of light in a periodic manner and, in particular, allow induc-
tion of photonic graphene structures [25]. Based on the tunable atomic coherence, the 
absorption, dispersion, gain, and nonlinearity can all be easily controlled in such coher-
ent atomic media [26-28]. The profiles of such lattices can be reconfigured dynamically 
[10], so that edge states can be created or destroyed in them on demand. As to nonline-
arity, its amplitude and nature can be easily changed by adjusting the laser frequency 
detuning under EIT conditions [15,26]. Therefore, atomic medium provides an ideal, 
new, and powerful platform for the exploration of the edge states in strongly nonlinear 
regime. 
In this Letter, by taking advantages of the controllable linear and nonlinear susceptibili-
ties in an EIT medium [14,15], we experimentally demonstrate the formation and investigate 
propagation dynamics of the edge solitons in a reconfigurable photonic graphene con-
structed in an atomic vapor cell. To the best of our knowledge, this is the first observation of 
edge solitons. 
To demonstrate the formation of edge solitons in reconfigurable atomic “photonic gra-
phene” lattice we employ the EIT effect. In our experiment the probe field    (frequency	  ) 
co-propagates with coupling field    (  ) along the  -direction of the atomic cell to drive a 
three-level Λ-type 85Rb atomic configuration schematically shown in Fig. 1(a). The coupling 
field    possesses a hexagonal structure in the ( ,  ) plane created by the interference of three 
tilted beams derived from the same diode laser. The propagation dynamics of the probe field 
   is defined by the susceptibility,   =  
( ) + 3 ( )| |  [15], where 	 ( ) and  ( )	 are the lin-
ear and third-order susceptibilities, and   is the envelope of the probe field   . For appropri-
ate detuning values ∆ -∆ =0, the EIT window appears in the transmission spectrum of the 
probe field     [Fig. 1(b1)]. The magnitude and sign of the nonlinear coefficient    =
12   ( )/  
   [15] (here   =1 is the background refractive index) within the EIT window can 
be easily controlled by the detuning of the probe detuning ∆  [Fig. 1(b2) and Methods]. Since 
for |  | ≪ |  | the linear susceptibility	 
( )~|Ω |
   , where Ω  is the Rabi frequency of the 
coupling field   , the hexagonal |Ω |
  distribution, when inverted, creates a honeycomb lattice 
for the probe field [25] – the photonic analogue of graphene lattice. Proper truncation of such 
a lattice (for example by an adjustable rectangular slit) creates a ribbon, periodic in   and 
having zigzag-bearded boundaries in   , whose theoretical refractive index profile 
[1 +  ( )] /  is shown in Fig. 1(d). Linear modes of such a ribbon are Bloch waves   =
 ( ,  )         (see Methods), where   is periodic in   with lattice period X and local-
ized in  ,   is the propagation constant, and   is the Bloch momentum. The spectrum 
 ( ) [Fig. 1(c)] reveals the formation of linear edge states at bearded [red and blue curves, 
Fig. 1(e)] and zigzag [green curve, Fig. 1(f)] boundaries, while black curves correspond 
to bulk modes. Edge state localization in   is controlled by  . 
Experimentally created lattice (   field) was truncated with a slit to form zigzag 
boundary (dotted line) in honeycomb refractive index distribution as shown in Fig. 2(a) 
(see also Methods). By properly setting the incident angle   of the stripe probe beam 
[Fig. 2(b)] along the boundary to match the momentum of the edge state from the range 
of K/3 ≤   ≤ 2K/3 [Fig. 1(c)], where K = 2 /X is the width of the Brillouin zone, one can 
achieve efficient edge-state excitation. The depth of our lattice can be easily changed by 
changing frequency detuning, so first we illustrate the creation and destruction of the 
edge states by varying Δ , while keeping 	Δ  = 100	MHz fixed. We achieve efficient exci-
tation of the edge state at 	Δ  = 135	MHz (corresponding refractive index modulation 
created by the coupling beam is Δ ~8 × 10  ) at the angle of incidence   ≈ 0.8°. The 
interference between the output probe and reference beams (derived from the same laser 
as the probe beam) reveals staggered phase distribution in probe beam [Fig. 2(c3)] in 
agreement with the numerical results [Fig. 2(c4)], which is a signature of the edge state 
formation [11]. In contrast, when detuning is set to Δ  = 105	MHz for the same angle of 
incidence   , the induced refractive index Δ ~1 × 10   is insufficient to support edge 
state formation on the cell length (7.5	cm) and one observes diffraction into the bulk [Fig. 
2(c2)]. This illustrates suitability of the setting for all-optical manipulation of the edge states. 
Another advantage of the system is that the increase of the atomic density (controlled by the 
temperature of the atomic ensemble) is effectively translated into the increase of propagation 
path of the probe beam in the lattice [29]. Thus, increasing temperature of the medium from 
80 C to 120 C at 	Δ  = 135	MHz allows us to detect clear displacement of the edge state along 
the zigzag boundary [Figs. 2(d1,d2)] due to its small, but nonzero group velocity    =   /   
[green state in Fig. 1(c) and corresponding  ′( ) in Fig. 3(a)]. 
The formation of bright edge solitons is tightly connected with the phenomenon of mod-
ulation instability (MI) of periodic nonlinear edge states that for positive    can only occur 
in the range of momentum   values that meet     =    /    < 0 [Fig. 3(a)] [22]. Representa-
tive theoretical family of nonlinear edge states at   = 0.48K [dotted line in Fig. 3(a)] is pre-
sented in Fig. 3(b) (Methods). Nonlinear edge state bifurcates from linear one with increase 
of propagation constant   : its peak amplitude   = max| |  and norm per   -period   =
∫   
  
  
∫ | |   
  / 
  / 
 increase away from bifurcation point [Fig. 3(b)]. For a given   we con-
sider only nonlinear edge states in the gap (  ≤ 18.1) to prevent coupling with bulk modes. 
We choose a slightly perturbed nonlinear edge state at   = 16.573 [dotted line in Fig. 3(b)] as 
an input in Fig. 3(e) to check its propagation. The dependence  ( ) [Fig. 3(c)] and breakup of 
the state into sets of bright spots (precursors to quasi-solitons) upon propagation [Fig. 3(e)] 
clearly indicate the development of MI of nonlinear edge state. We then isolate one bright 
spot from MI pattern marked with green circle in Fig. 3(e) and let it propagate in nonlinear 
[Fig. 3(g)] and linear [Fig. 3(f)] media. In the former case one clearly observes formation of 
slowly moving quasi-soliton, whose peak amplitude      ( ) only slightly oscillates, while 
center    changes linearly with   [Fig. 3(d)]. Intensity distributions at different distances 
corresponding to dots in      ( ) dependence confirm invariable shape over distances 
greatly exceeding cell length and absence of radiation into the bulk. In contrast, in the 
linear case the same input rapidly spreads along the boundary, while corresponding 
peak amplitude     ( ) decreases [Fig. 3(d)]. 
In experiment, once the system is tuned into the regime with focusing or defocusing 
nonlinearity by adjusting Δ  [Fig. 1(b2)], one can observe considerable nonlinearity-in-
duced reshaping of the edge states that is enhanced at higher temperatures [Fig. 4]. In 
addition to two-dimensional intensity distributions, at the bottom of each panel we show 
one-dimensional profiles at the boundary along the dotted white lines. First row of Fig. 
4(a) illustrates clear self-focusing of the edge state down to several lattice periods with 
increasing temperature for    > 0 (Δ  = 140MHz). Notice that the output probe beam 
gets attenuated with temperature increase even in the EIT window, since it only sup-
presses rather than completely eliminates the absorption, so at higher temperatures (re-
sulting in stronger absorption), we have adjusted gain   of the CCD camera as indicated 
in panels (  = 0 means no gain). Figure 4(b) illustrates self-defocusing of the edge state 
in the region    < 0 (Δ  = 125MHz) and appearance of the dip marked by the arrows in 
the beam profile that become more pronounced at higher temperatures. Finally we set 
Δ  = 135MHz that corresponds to focusing nonlinearity    > 0 to compensate the beam 
diffraction, so that the shape of the probe beam does not experience any noticeable 
change with increasing temperature (the ratio of amplitudes of different peaks remain 
practically the same) as shown in Fig. 4(c). We attribute this important regime to the 
formation of robust edge solitons under dynamical balance between lattice dispersion and 
nonlinearity, in the presence of unavoidable slight attenuation. 
To demonstrate the formation of edge solitons under practically ideal loss-free condi-
tions, we further add an extra Gaussian-profile pump field (see Methods) that provides a 
Raman gain for the probe field compensating intrinsic absorption [16]. Figures 5(a) and 5(b) 
show, respectively, the incident stripe probe beam and the formed edge soliton at T = 95 C 
and Δ  = 380	MHz, where the Raman gain peak lies [Figs. 5(c2-c4)]. Dependence of the Ra-
man gain peak (Δ  = 380	MHz) on the temperature [Fig. 5(c1)] demonstrates that the output 
distributions are very robust and practically not affected by temperature variation due to 
Raman gain. To illustrate Raman gain clearly, Figs. 5(c2-c4) display probe spectra versus Δ  
at three different temperatures. One finds that the height of the Raman gain peak basically 
does not change even when the absorption grows (the notch deepens and the background 
gets close to 0) with temperature. The fact that Raman gain effectively balances the absorp-
tion and helps formation of edge solitons is further confirmed by comparison of very similar 
output patterns at 110 C and 125 C [Figs. 5(d1),(d3)]. The staggered phase [Fig. 5(d2)] con-
firms that the edge state is excited. 
In conclusion, we have experimentally demonstrated edge solitons in a photonic gra-
phene lattice induced in a multi-level atomic system. This reconfigurable atomic system 
opens new prospects for all-optical control of the formation and propagation of the edge 
states in different nonlinear regimes and for different lattice configurations. The possibility 
to implement Raman gain in the system allows to compensate for intrinsic losses and study 
physics of nonlinear edge states under practically ideal loss-free conditions. Our work opens 
the door for experimental exploration of nonlinear dynamics of edge states in various 
topological systems [3,4], including those based on valley Hall effect [30]. 
Methods 
Experimental setup. Our lattice is induced by three coupling beams (wavelength	   =
794.975	nm, vertical polarization, 20 mW) derived from the same continuous-wave single-
mode tunable external cavity diode laser (ECDL), that intersect in the center of the atomic 
vapor cell. These broad Gaussian coupling beams are symmetrically arranged with respect 
to the  -direction (with the same small angle of ~0.4  between any two of them), inducing a 
hexagonal lattice in the ( ,  ) plane. Due to small angle between the beams the lattice pattern 
remains practically unchanged in the  -direction over the distance of 10	cm that exceeds the 
length of 7.5	cm atomic cell. The lattice is truncated by using an adjustable rectangular slit 
(with a maximum opening window of 1	cm) resulting in the formation of the structure with 
zigzag edge, as shown in Fig. 2(a). The probe beam E1 (   = 794.981	nm, horizontal polariza-
tion) from another ECDL is transformed into a stripe beam (0.4 mW) by another adjustable 
rectangular slit and its Fourier transform is imaged into the zigzag edge of the lattice. The 
7.5	cm long cell is wrapped with  -metal sheets and heated by a heat tape to control the tem-
perature (and, therefore, the atomic density) of the medium. The phase of the output probe 
beam confined at the zigzag edge is measured by interfering it with a reference beam (intro-
duced into the optical path via a 50/50 beam splitter) from the same diode laser as the probe 
beam. To introduce Raman gain, a Gaussian-profile pump field (wavelength 	   =
780.24	nm, vertical	polarization, 10	mW) is injected into the atomic cell with the same direc-
tion as one of the coupling beams to drive a four-level N-type atomic configuration, see Sup-
plementary Materials for details. 
The dynamic propagation equation and susceptibilities in an EIT window. Propagation of 
light in the atomic vapor is described by the Schrödinger-like paraxial wave equation, 
 
∂
∂ 
 ( ,  ,  ) = −
1
2  
 
  
   
+
  
   
  ( ,  ,  ) −
  
  
Δ ( ,  ) ( ,  ,  ), 
where   is the envelope of the probe field   ,   is the propagation distance,    = (2   )/   
is the wavenumber in the medium,    = 1 is the background refractive index, and Δ  ≈
 
 
( ( ) + 3 ( )| | ) is the refractive index change that exhibits a honeycomb profile. Within 
EIT window the susceptibilities are given by  ( ) =   |   |
 (ℏ   )
  [1 − 2   /(2  +    )], 
with   = (  −  Δ ) + |Ω |
 [   − (Δ  − Δ )]
    and   = (    +     +    )/2 , and by  
( ) =
−  |   |
 (ℏ   )
  [−|Ω |
 /(2  +    )][(  +  
∗)/| | ]. Here, Δ  (Δ ) is the detuning between 
the resonant transition frequency |1〉 → |3〉 (|2〉 → |3〉 ) and the frequency of field    (   ); 
Ω  =    |  |/ℏ is the Rabi frequency for the coupling field;     is the dipole momentum for 
transition | 〉 → | 〉;     and     are the spontaneous decay rates of the excited state |3〉 to the 
ground states	|1〉  and |2〉 , respectively;      is the nonradiative decay rate between two 
ground states; and   is the atomic density at the ground state |1〉. By replacing ( ,  ,  ) with 
( /  ,  /  ,  /    
 ), the normalized governing equation can be written as 
 
∂
∂ 
 ( ,  ,  ) = −
1
2
 
  
   
+
  
   
  ( ,  ,  ) −
  
   
 
  
Δ ( ,  ) ( ,  ,  ), 
where    is related to the probe width. When only linear susceptibility is considered, we solve 
the equation with the ansatz   =  ( ,  )          by adopting the plane-wave expansion 
method, and obtain the band structure [Fig. 1(c)] as well as linear edge states [Figs. 1(e) and 
1(f)], see Supplementary Materials for details. 
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 Figure 1 | Atomic energy levels, linear bandgap structure, and edge states. (a) The driven 
85Rb atomic transitions involve two hyperfine states   = 2 (level |1〉) and   = 2 (|1〉) of the 
ground state 5S /  and one excited state 5P /  (|3〉).    and    are the probe and the coupling 
fields, respectively. (b1) The transmission spectrum for the probe beam. (b2) Calculated non-
linear coefficient    versus probe detuning Δ . (c) Band structure of the photonic graphene 
in an EIT window.		  is the propagation constant, and   is the Bloch momentum normalized 
to the width K  of the first Brillouin zone. (d) Simulated honeycomb lattice with zigzag-
bearded edges. (e) Simulated unconventional edge state located on the bearded edge corre-
sponding to the red circle in (c). (f) Simulated edge state on the zigzag edge corresponding 
to the green circle in (c). 
 
 Figure 2 | Experimental demonstration of the edge state at the zigzag edge. (a) Interference 
pattern of three coupling beams creating the lattice with a lattice constant of 112	 m. This 
hexagonal lattice induces the honeycomb lattice in Fig. 1(d) under EIT conditions. The edge 
marked by the dotted line corresponds to zigzag edge. (b) The incident stripe probe beam. 
(c1) The edge state excited by the probe beam at Δ  = 135	MHz. (c2) Diffraction of the probe 
beam into the bulk of the lattice at Δ  = 105	MHz. (c3) Interference pattern of the output probe 
beam from panel (c1) with a reference beam illustrating staggered phase of the edge state. 
(c4) Theoretical interference pattern calculated for extended linear edge state. (d1,d2) Output 
probe beams for different temperatures (effectively corresponding to different propagation 
distances) at Δ  = 135MHz revealing motion of the edge state. While lines at the bottom show 
intensity profiles of the probe beam along the dashed lines. 
 
 Figure 3 | Properties of edge quasi-solitons. (a) First  ′ and second-order  ′′ derivatives for 
green branch of edge states from Fig. 1(c). Vertical dotted line indicates the Bloch momentum 
  = 0.48K. (b) Nonlinear edge state family at   = 0.48K. Solid and dashed curves show peak 
amplitude   and norm   versus  . (c) Peak amplitude of the nonlinear edge state with   =
16.573 [corresponding to the red dot in (b)] versus distance illustrating the development of 
modulation instability. (d) Amplitude       and center position    of quasi-soliton from panel 
(f) versus propagation distance. The amplitude      for the same input in linear medium is 
shown too. (e) Nonlinear edge state intensity distributions at different propagating distances 
corresponding to the dots in (c). (f) Quasi-soliton intensity distributions at different propa-
gation distances corresponding to the dots in       curve in (e). (g) Diffraction in linear me-
dium, distributions shown correspond to the dots in      curve in (d). 
 
 Figure 4 | Focusing, defocusing of the edge states and soliton formation. (a) Self-focusing 
of the edge state at    > 0 (Δ  = 140MHz) with increase of temperature. (b) Self-defocusing 
of the edge state at    < 0 (Δ  = 125MHz) with increase of temperature. (c) Formation of 
edge soliton under the action of focusing nonlinearity    > 0 (Δ  = 135MHz) weaker than in 
panel (a), when the pattern keeps the same functional form for different temperatures. Con-
sidering the absorptive nature of atomic medium, the linear gain   (which only affects the 
visibility but not the profile of the beams) of the CCD camera is increased to improve the 
appearance of figures. The effective propagation length at 125 C  can be estimated as 
D »20	cm using the relation	D =   /  , where   (  ) is the atomic density at 125
 C (100 C) 
and   = 7.5	cm is the cell length. 
 
 Figure 5 | Formation of edge solitons in the presence of Raman gain. (a) Input probe beam. 
(b) Output probe beam in the presence of Raman gain at T = 95 C. The cross-section of the 
incident beam shown in both panels (a) and (b) enables comparison with the output profile 
that confirms suppression of losses by Raman gain. (c1) Output probe intensity with Raman 
gain versus different temperatures (atomic density). Each black dot represents the peak in-
tensity of the probe beam with Δ  = 380	MHz where the Raman gain locates. (c2-c4) Output 
probe spectra versus Δ . The peaks correspond to the dots in (c1). Profiles of the output probe 
beams in the presence of Raman gain at T = 110 C (d1) and T = 125 C (d3). (d2) Interference 
pattern with reference beam corresponding to (d1). 
